Stroke incidence increases with age and this has been attributed to vascular factors. We show here that CNS white matter (WM) is intrinsically more vulnerable to ischemic injury in older animals and that the mechanisms of WM injury change as a function of age. The mouse optic nerve was used to study WM function. WM function in older animals (12 months) was not protected from ischemic injury by removal of extracellular Ca 2ϩ or by blockade of reverse Na ϩ /Ca 2ϩ exchange, as is the case with young adults. Ischemic WM injury in older mice is predominately mediated by glutamate release and activation of AMPA/kainate-type glutamate receptors. Glutamate release, attributable to reverse glutamate transport, occurs earlier and is more robust in older mice that show greater expression of the glutamate transporter. The observation that WM vulnerability to ischemic injury is age dependent has possible implications for the pathogenesis of other age-related CNS conditions.
Introduction
Aging is one of the most significant risk factors for stroke. Although it is assumed that age-related cardiovascular complications, including atherosclerosis and cardiac dysfunction, account for this association, aging could result in changes such that CNS tissue itself has an altered susceptibility to ischemic injury. This important question has not been definitively tested, although a few studies have suggested that age-related changes might play a role in ischemic injury (Ay et al., 2005; Schaller, 2007) .
Axonal pathways, that is, white matter (WM), are greatly expanded in humans compared with rodents (ϳ50 and ϳ15% of brain volume, respectively) (Zhang and Sejnowski, 2000) . It is now clear that white matter is injured in most strokes and contributes importantly to clinical deficits. Virtually every drug candidate that selectively conferred protection to neurons in experimental stroke studies has failed in clinical trials (Del Zoppo, 1995 Dirnagl, 2006; O'Collins et al., 2006) , and we suggest that failure to protect WM is one of the primary reasons that needs to be explored. Mechanisms underlying ischemic WM injury have proved to be unique and unexpectedly complex (Wrathall et al., 1992; Agrawal and Fehlings, 1997; Fern and Ransom, 1997; McDonald et al., 1998; Sanchez-Gomez and Matute, 1999; Follett et al., 2000; Tekkök and Goldberg, 2001; Stys, 2004; Tekkök et al., 2007) . This is, in part, attributable to the participation of at least two distinct but converging injury mechanisms: ionic rearrangements caused by energy depletion, followed by excessive glutamate accumulation and subsequent overactivation of AMPA and kainate receptors (Stys, 2004; Tekkök et al., 2007) . Unfortunately, all of the experimental work on ischemic WM injury has been conducted in young adult animals. Aging is known to affect WM, from altering the relationship between myelin and axons to changing the relative densities of cellular constituents (Peters and Sethares, 2002; Sandell and Peters, 2002; Hinman et al., 2006; Hinman and Abraham, 2007) . Ischemic strokes occur primarily in the elderly, and so it is essential to understand whether advanced age affects the susceptibility of WM to ischemic injury and/or the mechanisms of injury. To address these issues, we characterized ischemiainduced injury using the optic nerve from 1-, 6-, 12-, 18-, and 24-month-old mice. The optic nerve, a purely myelinated CNS WM tract (Foster et al., 1982) , is one of three models that have been extensively used to study ischemic injury (Agrawal and Fehlings, 1996; Tekkök and Goldberg, 2001) . The optic nerve is sensitive to the aging process (Cavallotti et al., 2002 (Cavallotti et al., , 2003 and offers several advantages in studying the mechanisms of WM injury including the capacity to quantitatively assess ischemic injury using electrophysiological and immunohistochemical methods.
Our results indicated that the same ischemic insult was much more damaging to WM from older animals compared with young adults. Furthermore, in older animals the mechanism of injury was different and depended predominately on glutamatemediated excitotoxicity. The enhanced role of excitotoxicity was probably attributable in part to the increased expression of GLT1 with aging, a change that was specific to WM. A detailed understanding of WM ischemic injury in age-appropriate populations is of central importance to meet the challenge of developing ef-fective stroke therapy. Some of these results were previously presented in abstract form (Baltan, 2007) .
Materials and Methods
Preparation of optic nerves, recording techniques, and oxygen and glucose deprivation. As previously described (Tekkök et al., 2007) , mouse optic nerves (MONs) were obtained from anesthetized adult male Swiss Webster (SW) mice of 1, 6, 12, 18, or 24 months of age. The oldest nerves were only ϳ18% larger in diameter than the 1-month-old nerves. The mean life span of this mouse strain is ϳ24 -26 months (Charles River, Wilmington, MA). Optic nerves were gently freed from their dural sheaths and placed in an interface perfusion chamber (Medical Systems, Greenvale, NY). Both nerves from each animal were used simultaneously on identical setups to reduce animal numbers. Nerves were superfused with artificial CSF (ACSF) containing the following (in mmol/L): 124 NaCl, 3.0 KCl, 2.0 CaCl 2 , 2.0 MgCl 2 , 1.25 NaH 2 PO 4 , 23 NaHCO 3 , and 10 glucose. The chamber was continuously aerated by a humidified gas mixture of 95% O 2 /5% CO 2. O 2 was supplied entirely by this gas mixture (see below). All experiments were performed at 37°C except for some experiments on 24-month-old MONs which were performed at 31°C to investigate the effects of temperature on ischemic injury.
Suction electrodes back-filled with ACSF were used for stimulation (Isostim 520; WPI, Sarasota, FL) and recording the compound action potential (CAP). The recording electrode was connected to an Axoclamp 2A amplifier, and the signal was amplified 50 times, filtered at 30 kHz, and acquired at 20 -30 kHz. Stimulus pulse (30 s duration) strength was adjusted to evoke the maximum CAP possible, and then increased another 25% for supramaximal stimulation. The MONs were allowed to equilibrate for at least 15 min in the chamber in normal ACSF (containing 2 mM Ca 2ϩ ) before experiments. During experiments, the supramaximal CAP was elicited every 30 s.
Oxygen and glucose deprivation (OGD) was induced by switching to glucose-free ACSF (replaced with equimolar sucrose to maintain osmolarity) and a gas mixture containing 95% N 2 /5% CO 2 . To ensure that no oxygen was inadvertently delivered by the superfusate, ACSF was always bubbled with 95% N 2 /5% CO 2 (Ransom and Philbin, 1992) . The OGD was applied for 30, 45, or 60 min to determine the effects on axonal conduction and recovery. After OGD, control ACSF and O 2 were restored and CAPs were recorded for up to 6 h.
A Ca 2ϩ -free ACSF was used in some experiments and contained 200 M EGTA and 4 mM Mg 2ϩ (to maintain constant divalent cation concentration). Control experiments indicated that CAPs in every age group remained essentially unchanged in this solution (with normal glucose and oxygen) for at least 90 min. In some experiments, Ca 2ϩ entry through the reversal of Na ϩ -Ca 2ϩ exchanger (NCX) was blocked by using 2-[2-[4(4-nitrobenzyloxy)phenyl]ethyl]isothiourea mesylate (KB-R 7943 mesylate) (10 M; Tocris, Ellisville, MO; dissolved in DMSO as 10 mM stock).
To explore the role of AMPA/kainate receptors in OGD-induced axon function loss in MONs, the antagonist 1,2,3,4-tetrahydro-6-nitro-2,3-dioxo-benzo[f]quinoxaline-7-sulfonamide (NBQX) (30 M; Tocris; dissolved in DMSO as 30 mM stock, care being taken to prevent light exposure) was applied in the bath. To assess the contribution of NMDA receptors to ischemic injury 7-chlorokynurenic acid (7-CKA) (50 M; Tocris; glycine binding site blocker, dissolved in DMSO as 50 mM stock) or DL-amino-5-phosphonopentanoic acid (DL-AP5) (200 M; Tocris; potent selective NMDA receptor blocker, dissolved in 100 mM NaOH as 100 mM stock) was used.
The role of Na ϩ -dependent glutamate transport as a potential source of glutamate release was tested using the transport blockers DL-threo-␤-benzyloxyaspartate (DL-TBOA) (200 M; Tocris; dissolved as 100 mM stock in 100 mM NaOH) or dihydrokainic acid (DHKA) (200 M; Tocris; dissolved as 100 mM stock in 100 mM NaOH). All chemicals were applied starting 30 min before, during, and 30 min after OGD. None of the chemicals used altered the CAP area under control conditions.
Immunohistochemistry. Immunohistochemical assessment of WM structures was performed in perfusion-fixed MONs. After transcardial ACSF (at 4°C), the perfusion medium was switched to a fixative composed of 4% paraformaldehyde in PBS. The animals were kept for at least 1 h at 4°C. Then, optic nerves were dissected out and kept in fixative overnight at 4°C. Cryoprotection was in 10, 20, and 30% sucrose solutions for 4, 6 -8, and 16 -18 h, respectively, before sectioning. Ten-to 30-m-thick sections from each MON were cut on a cryotome (Leica, Bellevue, WA) and mounted on Superfrost slides (Fisher Scientific, Pittsburgh, PA) for immunohistochemical analysis. The sections were blocked and permeabilized in 5-40% normal goat serum (Sigma, St. Louis, MO) and 0.3% Triton X-100 (Sigma) for 60 min at room temperature. All primary antibodies were prepared in the same solution. Astrocytes were identified with a polyclonal antibody to glial fibrillary acidic protein (GFAP) (DiaSorin, Stillwater, MN), or monoclonal GFAP, Cy3 conjugated (Sigma). NR1 (Chemicon, Temecula, CA) for NMDA receptors, GLT1 (a generous gift from Dr. J. Rothstein, Baltimore, MD) for glutamate transporter 1, and Sytox (Invitrogen, Carlsbad, CA) for nuclei detection were used. For each condition, immunolabeling was examined and quantified in three to six animals, and in two to three adjacent sections (10 m thick) from each animal. Primary antibodies were used at a dilution of 1:15 for polyclonal GFAP (prediluted six times), 1:1000 for monoclonal GFAP, 1:500 for NR1, 1:200 for GLT1, and 1:25,000 for Sytox. Sections were incubated in primary antibodies together overnight at 4°C. After a thorough wash in PBS, the tissue was exposed to a secondary antibody, one by one for each primary, prepared in 2% normal goat serum for 2 h at room temperature. Donkey anti-rabbit Cy5 (Jackson ImmunoResearch, West Grove, PA) at a dilution of 1:100 was used. Sections were double or triple labeled to colocalize structures of interest.
Confocal microscopy and GLT1 pixel intensity measurements. The expression of NR1, GFAP, Sytox, or GLT1 was imaged using an Olympus (Center Valley, PA) FV1000 upright laser-scanning confocal microscope. Sections were scanned with an argon and He-Ne lasers for Cy3/543, for Cy5/633, and for Cy2/488 fluorescence. Two to three adjacent sections from each MON were imaged for a total of two or three areas of interest per MON. A total of 30 optical sections of 1 m thickness at 1024 ϫ 1024 pixel size were collected in the z-axis from a single microscopic field using the 60ϫ (PlanApo, oil immersion; numerical aperture, 1.42; Olympus) objective lens under fixed gain, laser power, pinhole, and PMT settings. To compare and quantify immunohistochemical staining properties, sections obtained from each age group were processed together. Optimal settings were determined in 1-month-old tissue. Images were acquired with Olympus Fluoview imaging software in sequential mode using multiple channels simultaneously. Z-stacks were projected into a single plane image before analysis and assessment of pixel intensity or colocalization.
Glutamate measurements. Glutamate release from MON into the superfusate under normoxic and ischemic conditions was measured using HPLC (Ye et al., 2003; Tekkök et al., 2007) . Experiments were designed to monitor glutamate release simultaneously from a pair of MONs, 1 or 12 months of age. Briefly, amino acids were precolumn derivatized with o-phthaldialdehyde (Sigma), separated, and measured using standard techniques. Samples of extracellular perfusion fluid were collected continuously such that every vial contained 2 min of superfusate, and glutamate content was measured in every other vial (i.e., every 4 min). Collected samples were centrifuged at 16,000 ϫ g for 3 min and supernatants transferred for HPLC analysis. Glutamate measurements, normalized to baseline glutamate release (i.e., the average for 15 min under control conditions immediately before OGD or TBOA treatment), were made from MONs treated identically with those studied electrophysiologically, and the results were plotted against time. The rate and release pattern of glutamate was monitored for 30 min before OGD (60 min) and was continued for at least 30 min after the end of OGD. Glutamate levels were corrected to protein content of MONs before comparison.
Immunoblotting. Optic nerves and hippocampi were dissected from 1-and 12-month-old male SW mice. Tissues were homogenized in ice-cold RIPA buffer (50 mM Tris-HCl, pH 8.0, 150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS) containing 10% protease inhibitor mixture. After 30 min incubation on ice, the samples were centrifuged at room temperature for 2 min at 13,200 rpm. Protein determinations of the supernatants were made using the DC Protein Assay (Bio-Rad, Hercules, CA) with bovine serum albumin (BSA) as standard. The samples were then diluted in a Laemmli buffer (62.5 mM Tris-HCl, pH 6.8, 10% glycerol, 2% SDS, 0.1% bromophenol blue, 6% ␤-mercaptoethanol), boiled for 10 min, and stored at Ϫ20°C. Samples containing equal amounts of protein (30 g) were loaded and separated by gel electrophoresis using a 10% acrylamide gel and transferred for 2 h at room temperature onto a polyvinylidene fluoride membrane (0.45 m; Millipore, Temecula, CA). The membranes were then blocked overnight at 4°C in 5% nonfat dry milk, 1% BSA, 1% fetal bovine serum (FBS) in Tris-buffered saline containing 0.1% Tween 20 (TBS-T). Membranes were then incubated for 2 h at room temperature with primary antibodies against the glutamate transporter GLT1 (1:500;), GFAP (1:1000; Chemicon), or ␤-actin (1:500; Sigma) in TBS-T containing 1% nonfat dry milk, 1% BSA, and 2% FBS. After thorough washing in TBS-T, the membranes were incubated for 2 h at room temperature with horseradish peroxidase-conjugated anti-rabbit IgG (1:1000; Sigma) or antimouse IgG (1:1000; Sigma) in the same solution used for the primary antibodies, washed again in TBS-T, and developed using luminol (Santa Cruz Biotechnology, Santa Cruz, CA) to reveal immunolabeled bands. The films were scanned with a Hewlett Packard 2820 scanner, and optical densities of the bands were analyzed using MetaMorph analysis software. The GLT1 and GFAP expression levels were normalized to ␤-actin as a control for equal loading. A single film was used to analyze optical densities from both optic nerve and hippocampi samples. However, protein abundance is different in WM and gray matter (GM), and, for presentation purposes, two films of different exposure times were used to show representative optic nerve and hippocampus data for GLT1. N indicates number of animals for immunoblotting.
Data analysis. Optic nerve function was monitored quantitatively as the area under the supramaximal CAP. The CAP area is proportional to the total number of excited axons and represents a convenient and reliable means of monitoring optic nerve axon function (Cummins et al., 1979; Stys et al., 1991) . Irreversible injury was measured by determining residual CAP area, normalized to control CAP area, 3-4 h after the conclusion of OGD. Original data were normalized by setting the mean of initial baseline values (measured over 15 min) to a value of 1.0. Results from several nerves were pooled, averaged, and plotted against time. All data are presented as mean and SE (ϮSEM). In time course plots, SE bars are only shown every 3 min to make the illustration less cluttered. Statistical significance was determined by unpaired two tailed Student's t test (see Figs. 1, 3, 4, 5, 8e, f, 9; supplemental Fig. 2 , available at www.jneurosci.org as supplemental material), one-way (supplemental Figs. 1, 2, available at www.jneurosci.org as supplemental material), or two-way ANOVA (see Figs. 6, 7, 8d ). ANOVA tests were followed by Bonferroni's post hoc test (Prism 4; GraphPad, San Diego, CA).
Results
Older WM is intrinsically more vulnerable to oxygen-glucose deprivation The effects of OGD on axon excitability and WM integrity were determined in optic nerves obtained from 1-, 6-, 12-, 18-, and 24-month-old mice. Under control conditions, axon function (quantified as the area under the CAP evoked by supramaximal stimulation) remained stable over many hours at 37°C in all age groups. After 1 h of stable control CAPs, OGD was imposed and resulted in a progressive loss of the CAP area. The rate at which the CAP area fell changed in an age-dependent manner ( Fig. 1a; supplemental Fig. 1 , available at www.jneurosci.org as supplemental material). The rate of CAP area loss increased with age until 18 months of age, and then declined in older animals (supplemental Fig. 1a ,b, available at www.jneurosci.org as supplemental material).
The extent of irreversible injury detected after a period of OGD varied as a function of OGD duration and age (Figs. 1, 2) . For example, after 30, 45, or 60 min of OGD in 1-month-old MONs, the CAP area recovered to 68.7 Ϯ 3.2% (n ϭ 5), 46.4 Ϯ 9.6% (n ϭ 8), or 21.3 Ϯ 3.7% (n ϭ 12) of control, respectively. The amount of irreversible injury caused by OGD (durations, Ͼ30 min) was greater in animals 12 months of age and older, compared with younger animals (Figs. 1b,c, 2 ). For example, the CAP area recovery in 12-month-old MONs after 30, 45, and 60 min OGD was 58.6 Ϯ 5.5% (n ϭ 8; p ϭ 0.2046), 17.7 Ϯ 2.9% (n ϭ 7; p ϭ 0.0185), and 0.0 Ϯ 1.0% (n ϭ 6; p ϭ 0.0011) of control, respectively; the p values given are in comparison with CAP recoveries after the same OGD exposures in 1-month-old MONs. (2), and after recovery (3) as indicated in the plot (a). *p ϭ 0.0185, **p ϭ 0.0011, Student's t test. Calibration: 2 mV, 1 ms.
In general, the older the animals were, the greater was the OGDinduced injury (Fig. 2) . It should be noted that the CAP area recovery remained stable after OGD, without any significant change over the next 6 h in each age group.
The greater OGD-induced injury seen in older animals using electrophysiological analysis (i.e., CAP area) was confirmed in a limited series of morphological studies (supplemental Fig. 2 , available at www.jneurosci.org as supplemental material). The oligodendrocyte and axon neurofilament loss were both much greater after OGD (45 min) in 12-month-old compared with 1-month-old MONs (supplemental Fig. 2 , available at www. jneurosci.org as supplemental material).
To ensure that this age-related increase in vulnerability to OGD-induced injury was not a strain-specific effect, similar experiments were done on another strain. MONs from 3-or 20-month-old C57BL/6 mice were exposed to 45 min OGD (Fig. 3a) . As seen with the SW mice, the CAP recovery was significantly decreased after 45 min of OGD in MONs from 20-month-old (19.9 Ϯ 4.3%; n ϭ 5) compared with 3-month-old C57BL/6 mice (40.2 Ϯ 2.9; n ϭ 6; p ϭ 0.003), establishing that the increased intrinsic vulnerability of WM to ischemia is present across strains.
The extent of WM injury after identical insults is highly dependent on temperature (Stys et al., 1992; . Low temperature strongly decreased the extent of OGD-induced injury in older animals (Fig. 3b) . The amount of CAP recovery was significantly higher when 45 min OGD was imposed at 31°C compared with 37°C (39.6 Ϯ 5.6%, n ϭ 7, compared with 0.0 Ϯ 5.6%, n ϭ 6; p ϭ 0.0004).
OGD-induced injury in older WM is not prevented by removal of extracellular Ca

2؉
The OGD-induced WM injury in MONs is strongly dependent on the presence of extracellular Ca 2ϩ during the insult period (Stys and Lopachin, 1998; Tekkök et al., 2007) . Whereas 60 min OGD continued to produce immediate loss of excitability in the absence of extracellular Ca 2ϩ , CAP area recovery in 1-month-old MONs was greatly improved (95.7 Ϯ 4.3%; n ϭ 6) compared with CAP recovery when OGD is applied in the presence of Ca 2ϩ (Fig. 4a) . We performed experiments to test whether the damaging effects of OGD in older MONs shared a similar critical dependency on extracellular Ca 2ϩ . Curiously, CAP recovery in older animals did not benefit from application of OGD (30 or 45 min) in Ca 2ϩ -free ACSF (Fig. 4b,c) . In fact, OGD applied in Ca 2ϩ -free ACSF resulted in significantly worse recovery (after a short period of transient improvement). The application of Ca 2ϩ -free ACSF had no effect on baseline CAP responses in any age group, even for periods up to 90 min (data not shown).
The WM in young adult animals is protected from OGDinduced injury by blockade of Ca 2ϩ influx secondary to reverse operation of the NCX (Fig. 5a ). The lack of protection by Ca 2ϩ -free ACSF suggested that Ca 2ϩ influx might not be fundamental to WM ischemic injury in older animals. Indeed, blockade of reverse operation of the NCX with KB-R 7943 (10 M) did not prevent OGD-induced injury in WM from 12-month-old animals (Fig. 5b) . In 12-month-old MONs, KB-R 7943 did prevent complete loss of CAPs during OGD and also transiently improved recovery, but the benefit rapidly disappeared.
AMPA/kainate receptors mediate OGD-induced injury in older WM
Overactivation of AMPA/kainate receptors plays a major role in ischemic WM injury (Agrawal and Fehlings, 1997; Matute et al., 1997; McDonald et al., 1998; Tekkök and Goldberg, 2001) , including in 1-to 2-month-old MONs (Tekkök et al., 2007) . To assess the contribution of AMPA/kainate receptor activation on WM injury in older animals, NBQX, a broad-spectrum AMPA/ kainate receptor blocker, was tested in 12-and 24-month-old animals. Application of 30 M NBQX prevented complete loss of CAP area during OGD and led to dramatically improved CAP area recovery compared with recovery in normal ACSF both in 12-month-old MONs (NBQX recovery, 72.4 Ϯ 6.3, n ϭ 7 after 45 min OGD, p Ͻ 0.0001; 65.9 Ϯ 6.2%, n ϭ 4, p Ͻ 0.0001 after 60 min OGD) and 24-month-old MONs (51.0 Ϯ 6.4%; n ϭ 4; p ϭ 0.0001) (see Fig. 7a-c) . Blockade of AMPA/kainate type glutamate receptors, therefore, protected WM function during and after OGD in every age group, but the effects were clearly magnified in 12-and 24-month-old animals (Fig. 6d) .
NMDA receptors do not protect against OGD-induced injury in older WM
Recent studies report that functional NMDA receptors located on oligodendrocyte processes (Karadottir et al., 2005) mediate Ca 2ϩ influx into myelin (Micu et al., 2006) and rapid Ca 2ϩ -dependent detachment and disintegration of oligodendroglial processes during ischemia (Salter and Fern, 2005) . Previous studies on WM from young adult animals have failed to detect any benefit of NMDA receptor blockade on WM injury because of anoxia (Ransom et al., 1990) (Li et al., 1999) . We confirmed that the NR1 functional subunit was detected in MONs at each age group (Fig. 7d) , including in 12-month-old MONs. Application of the NMDA receptor glycine binding site blocker, 7-CKA (50 M), had no ap- Figure 4 . OGD-induced injury in older WM is Ca 2ϩ independent. MONs were exposed to OGD in normal ACSF (containing 2 mM Ca 2ϩ ) or in ACSF with no Ca 2ϩ (plus 200 M EGTA and 4 mM Mg 2ϩ ). Superfusion conditions were maintained starting 30 min before, during, and 30 min after OGD. a, Pretreatment with Ca 2ϩ -free ACSF offered nearly complete recovery from 60 min OGD injury in 1-month-old MONs (95.6 Ϯ 4.3%; n ϭ 6). The CAP area recovery in 12-month-old MONs failed to show comparable recovery after 30 min (b) or 45 min of OGD. Reproduced from Tekkök et al. (2007) . c, Under identical conditions. The stability of the CAP area recovery after OGD in 12-month-old MONs dropped below recovery levels in Ca 2ϩ containing ACSF (with Ca 2ϩ , 60.5 Ϯ 9%, without Ca 2ϩ , 8.9 Ϯ 6.5% after 30 min of OGD; with Ca 2ϩ , 21.7 Ϯ 1.8%, without Ca 2ϩ , 5.9 Ϯ 6.8% after 45 min of OGD). *p Ͻ 0.05, **p Ͻ 0.002, ***p Ͻ 0.0001, Student's t test. Error bars indicate SEM. preciable effect on OGD-induced loss of excitability, but significantly worsened recovery from this insult (Fig. 7a-c ) (58.6 Ϯ 5.5% in ACSF vs 6.8 Ϯ 3.1% in 7-CKA; p Ͻ 0.001 after 30 min OGD). DL-AP5 (200 M), a potent selective blocker of NMDA receptors, confirmed these results. In the presence of DL-AP5, the degree of CAP recovery was diminished after 30 min of OGD (9.8 Ϯ 2.6%; n ϭ 4; p ϭ 0.0001). The effect of NMDA receptor blockade, therefore, was reminiscent of the effect of Ca 2ϩ -free solution in that both of these conditions worsened the CAP recovery after OGD in aging WM (Fig. 4) .
Glutamate release during OGD was enhanced in older WM and correlated with glutamate transporter upregulation Glutamate, after a 20 -30 min delay, is directly released from MON during OGD because of the reversal of Na ϩ -dependent glutamate transport (Tekkök et al., 2007) . A plausible explanation is that OGD dissipates the transmembrane Na ϩ gradient in astrocytes (Rose and Ransom, 1996) , leading to reverse exchange and glutamate release (Longuemare et al., 1999) . The GLT1 glutamate transporter is exclusively expressed in astrocytes (Danbolt, 2001) . As expected, astrocytes in the MON expressed the greatest density of these transporters (see Fig. 9b ). In 12-and 24-monthold MONs, DL-TBOA (200 M), a powerful competitive Na ϩ -dependent glutamate transporter blocker, potently improved the CAP area recovery after 45 or 60 min of OGD (Fig. 8a-d) . When the degree of TBOA protection from ischemic WM injury is compared among animals of different ages, it is evident that it conveyed protection at all ages. It was also clear that the degree of protection was greater in older animals. For instance, after 45 min OGD, the CAP recovery in 12-month-old MONs with TBOA was improved from 21.7 Ϯ 2.7 to 65.2 Ϯ 2.7% whereas in 24-month-old MONs the improvement was from 0.0 Ϯ 5.6 to 70.2 Ϯ 0.8% (Fig. 7b-d) . DHKA (200 M), a specific blocker of GLT1, also improved CAP recovery after 60 min OGD, and this effect was much greater in 12-month-old compared with 1-month-old animals (20.5 Ϯ 5.1 to 39.4 Ϯ 6.6%, p ϭ 0.04; 0 Ϯ 1 to 57.2 Ϯ 7.2%, p Ͻ 0.0001, respectively). Results from MONs pretreated with NBQX mirrored this relationship: after 45 min OGD, the improvement in 24-month-old MONs was greater compared with 12-month-old MONs (Fig. 6d) .
These results suggested greater excitotoxicity in older animals (i.e., Ն12 months) compared with younger ones (i.e., ϳ1 month of age). We directly measured glutamate release from MONs during ischemia using quantitative HPLC to assess this crucial step in the excitotoxic cascade. Using a pair of MONs, baseline glutamate release levels at 37°C were determined for 20 min before OGD by sampling perfusion solution passed over the nerves every 2 min (Tekkök et al., 2007) . For comparison, all glutamate release data were normalized to the average control release levels, which were in the range of 4 -6 nM (n ϭ 14) (data not shown). Initially during OGD, glutamate release remained stable at the baseline level for at least 20 min for all MONs (Fig. 9a) . As previously reported (Tekkök et al., 2007) , in 1-month-old MONs glutamate release steadily increased starting at ϳ30 min of OGD and reached maximal levels that were fourfold to fivefold higher compared with basal levels (i.e., ϳ20 -30 nmol/L). On return to control ACSF, glutamate levels in 1-month-old MONs declined rapidly toward baseline within 20 min. Notably, in 12-month-old MONs, glutamate release was initiated earlier during OGD, beginning at ϳ20 min OGD, and the amount of glutamate release was higher at every time point measured. It must be recognized, of course, that glutamate is only detected in these experiments after it has escaped from the extracellular space of WM, which imposes a significant diffusion barrier, and commingles and is diluted by bath solution. The results were reliable and robust, and clearly showed that OGD caused earlier and greater glutamate release in older MONs. This finding correlated well with the increased ischemic injury seen in older animals and the impressive protection afforded by NBQX and TBOA in older animals.
We tested the hypothesis that the increase in glutamate release seen during OGD in 12-month-old compared with 1-month-old MONs was related to greater expression of glutamate transporter in older animals. The distribution and expression of GLT1 was investigated using confocal imaging and Western blotting. Immunolabeling of GLT1 demonstrated a twofold (188.6 Ϯ 18.45%; n ϭ 16) increase in intensity in 12-month-old compared with 1-month-old MONs (Fig. 9b,c) . Western blots confirmed this observation. There was a twofold (211.8 Ϯ 45.1%; n ϭ 6) increase in GLT1 protein expression between 1-and 12-month-old MONs (Fig.  9c) . The increase in GLT1 expression may be specific to older WM because GLT1 labeling (data not shown) and protein levels (Fig. 9c) remained unchanged in the hippocampus at these two ages.
In 1-month-old MONs, GLT1 and GFAP expression showed substantial colabeling, suggesting that GLT1 was located principally on MON astrocytes (Fig. 9b,  merged) . Despite the fact that the orientation of GFAP (ϩ) processes changed from a transverse (1 month) to a more longitudinal orientation (12 months) (Fig. 9b) , aging did not alter GFAP expression levels in WM or GM (Fig. 9c) . However, GLT1 expression was clearly increased in 12-month-old compared with 1-month-old MON but not in hippocampus (Fig. 9b,c) . Although the majority of GLT1 immunoreactivity in 12-month-old animals remained colocalized to GFAP (i.e., on astrocytes), some appeared to fall outside GFAP profiles (Fig. 9b, merged) . Even so, this "apparent" GFAP-independent GLT1 staining was arrayed in a linear manner, like the GFAP staining, perhaps suggesting that it was in astrocyte processes that stained weakly or negatively for GFAP or on some other WM components. This expansion of Na ϩ -glutamate transporter expression in older WM could help explain the greater levels of glutamate release and the increased vulnerability of aging WM to ischemic injury.
Discussion
We directly tested, and confirmed, the hypothesis that WM from older adult animals was more susceptible to ischemic injury than WM from younger adults. An additional key finding was that the mechanisms responsible for irreversible WM ischemic injury change as a function of age. These novel observations have several important clinical implications. Stroke occurs in the elderly, and yet there has been virtually no appreciation that brain tissue in the aged is intrinsically more sensitive to ischemic damage. Our study establishes this principle for CNS WM, which is typically involved in human stroke. In addition, the cellular pathophysiology of stroke injury changes as a function of age, implying that treatment strategies derived from experimental work on young adults may be ineffective in the clinically relevant population. Finally, the well known tendency for equivalent brain insults to produce less damage in young adults compared with older adults (Ay et al., 2005 ) may have its first clear scientific explanation. The implication is that treatment strategies for brain insults like isch- emia must be optimized by taking into consideration age-related differences in pathophysiology.
Axon function in aging WM is more susceptible to ischemia Ischemic damage on WM excitability was assessed by monitoring the supramaximal CAP area. Loss of the CAP area because of ischemia correlates with axon and oligodendrocyte loss and myelin damage (Tekkök and Goldberg, 2001; Tekkök et al., 2007) . The severity of injury from the same insult was greater in WM from older animals (12 months) (Fig. 1) , and this effect was graded; that is to say, 12-, 18-, and 24-month-old animals faired progressively worse with the same period of ischemia (Fig. 2) . This effect of aging on WM vulnerability was apparent in two different strains of mice suggesting that this is a general feature of aging WM (Fig. 3a) .
Several known age-related changes might contribute to this heightened ischemic vulnerability in older WM. The ability to maintain transmembrane ion gradients may be compromised in older animals because of declines in Na ϩ /K ϩ ATPase activity (Scavone et al., 2005) . This enzyme is primarily responsible for maintaining low intracellular Na ϩ concentrations that permit neural signaling and underpin a host of other transport processes. Ion transport accounts for about one-half of all ATP utilization and Na ϩ /K ϩ ATPase activity alone is responsible for the majority of this consumption (Erecinska and Silver, 1994) . Moreover, this transporter acts to rapidly restore the transmembrane Na ϩ gradient when this is degraded by energy deprivation. A loss of reserve in the activity of this key enzyme with advanced age is a plausible contributor to heightened WM injury susceptibility. Tissue transiently challenged with energy deprivation would be slower to restore normal ion gradients, permitting pathological processes related to ion derangement to operate for longer periods, producing more injury. Mitochondrial function also appears to decline in older animals presumably causing reduced ATP production. This has been demonstrated in cardiac (Lesnefsky et al., 2001) , liver (Selzner et al., 2007) , and brain (Toescu, 2005) cells. The disadvantages of compromised ATP levels in older animals would be similar to those described above for diminished Na ϩ /K ϩ ATPase activity. This was indeed suggested by better recovery of WM function in older animals when OGD was imposed at lower temperature (Fig. 3b) . There is also evidence that free radical generation is augmented as a function of advanced age. This is a potentially valuable injury pathway to evaluate in future studies on age-related vulnerability (Droge and Schipper, 2007) .
AMPA/kainate but not NMDA receptors mediate excitotoxic injury during ischemia in older WM WM ischemic injury involves AMPA and kainate glutamate receptor activation; consequently, nonspecific glutamate receptor blockade is highly protective (Agrawal and Fehlings, 1997; Li et al., 1999; Tekkök and Goldberg, 2001; Tekkök et al., 2005 Tekkök et al., , 2007 . Functional AMPA and kainate receptors are expressed on oligodendrocytes and the myelin they generate (Gallo and Ghiani, 2000; . In young animals, glutamate released during OGD activates Ca 2ϩ permeable receptors (Sanchez-Gomez and Matute, 1999) and mediates oligodendrocyte death and axon disruption. In addition, axon injury may proceed independently in a Ca 2ϩ -dependent manner (Tekkök et ., 2007) . Accordingly, injury is almost entirely prevented when OGD is administered in the absence of bath Ca 2ϩ (Fern et al., 1995; Tekkök and Goldberg, 2001; Wolf et al., 2001; Tekkök et al., 2007) . In contrast, aging WM could not be protected from OGD in the absence of extracellular Ca 2ϩ , suggesting that Ca 2ϩ influx did not mediate the injury despite the activation of AMPA/kainate receptors during OGD (Fig. 6) . How, then, does activation of AMPA/kainate receptors mediate WM damage? It is possible that accumulation of intracellular Na ϩ , mediated in part by AMPA/kainate receptors, might be the predominant toxic event in aging WM exposed to ischemia, perhaps because it induces lethal swelling (Rothman, 1985; Olney et al., 1986) . Moreover, a rise in intracellular Na ϩ promotes reversal of the Na ϩ -dependent glutamate transporter, whose expression is upregulated (Fig. 9b,c) , resulting in greater glutamate efflux (Szatkowski et al., 1990; Longuemare and Swanson, 1995) . An alternative possibility is that glutamate receptor activation in aging WM causes sufficient intracellular Ca 2ϩ release to cause damage (Ouardouz et al., 2003) . This, of course, could act in parallel to the pathophysiology driven by intracellular Na ϩ accumulation.
The NMDA receptors located on oligodendrocyte processes were recently shown to contribute to ischemic injury to these cells in rodents (Karadottir et al., 2005; Salter and Fern, 2005; Micu et al., 2006) . In our previous studies on mature WM, blockade of NMDA receptors did not offer functional or histological protection against ischemia (Tekkök and Goldberg, 2001; Tekkök et al., 2007) . We confirmed in the present study that the NR1 subunit of NMDA was expressed in MONs of all ages (Fig. 7d) . Therefore, we carefully searched for involvement of NMDA receptors in OGD-induced injury in aging MONs. The NMDA receptor blockers, 7-CKA or DL-AP5, did not improve recovery or shape of the CAPs (Fig. 7a,b) . These results support the principle that NMDA receptor antagonism does not provide effective protection against ischemia in young or older WM (Fig. 7d) . Moreover, blockade of these receptors caused a slow and persistent loss in the CAP area, implying a delayed injury process during reperfusion (Fig. 7a,b) . The clinical implications of this worsening of ischemic WM injury with NMDA antagonism are important to note.
Increased GLT1 expression and early release of glutamate in older WM
An important finding of this study was that OGD-induced glutamate release occurred earlier and was greater in magnitude in older compared with young adult animals (Fig.  9a) . This, of course, caused excitotoxic events to ensue earlier and more vigorously in aging animals. Obviously, this is an appealing explanation for the greater level of ischemic damage seen in aging animals. The probable reason for glutamate release during OGD is a loss of the transmembrane Na ϩ gradient leading to reverse Na ϩ -dependent glutamate transport because of ATP depletion and failure of Na ϩ -K ϩ ATPase. The latter events would set the threshold for "when" glutamate release would be initiated during OGD. The amount of glutamate release, however, could be influenced by the density of transporter expression. It is, therefore, of great interest that expression of GLT1 was significantly and selectively upregulated in older animals (Fig. 9b,c) . . Increases in GLT1 expression in older WM is correlated with increased release of glutamate during OGD. a, Baseline glutamate release in 1-or 12-month-old MONs was low and remained stable under control conditions. Glutamate release steadily increased starting at 30 min after the onset of OGD and reached a level fivefold greater than baseline in 1-month-old MONs (n ϭ 7). Under identical conditions, glutamate release started 20 min after the onset of OGD and was significantly higher at every time point during OGD in 12-month-old compared with 1-month-old MONs (n ϭ 7). Note the relatively sustained glutamate levels after the conclusion of OGD in 12-month-old MONs. b, GLT1 (red) and GFAP (green) labeling indicated that GLT1 was mainly expressed on astrocytes (merged) in 1-month-old MONs. c, There was a twofold increase in GLT1 labeling pixel intensity (188.6 Ϯ 18.5%) and expression (211.8 Ϯ 45.1%) with age in MONs but not in the hippocampus. The pattern of GFAP expression in MONs changed with age but without increase either in MONs (102.0 Ϯ 9.9; n ϭ 3; p ϭ 0.8906) or in hippocampus (127.9 Ϯ 14.3; n ϭ 3; p ϭ 0.2068). *p Ͻ 0.05, **p Ͻ 0.005, ***p Ͻ 0.001, Student's t test. The arrows indicate GLT1 and GFAP overlap; the arrowheads indicate GLT1 labeling on structures other than GFAP (ϩ). Scale bar, 10 m. Error bars indicate SEM.
Glutamate release was greatly reduced by blockade of Na ϩ -dependent glutamate transport in young WM (Tekkök et al., 2007) . That TBOA protects aging WM indicates that glutamate release by reverse Na ϩ -dependent glutamate transport was a common mechanism contributing to ischemic injury in WM of all ages (Fig. 8) . The selective GLT1 blocker, DHKA, was more powerful than TBOA in protecting old WM, compared with young WM, supporting the hypothesis that the GLT1 transporter plays a more prominent role during ischemic injury with aging. These transporters are most robustly expressed on astrocytes in young WM but may extend to additional structures with aging (Fig. 9b) . It is probable that astrocytes are the primary source of ischemic glutamate release in WM; however, it is not clear why astrocytes would release glutamate more rapidly in older animals unless ATP depletion occurs earlier or they are subject to more intense degradation of their transmembrane Na ϩ gradient (see above).
Ca
2؉ -independent excitotoxicity in older WM Originally, we predicted that the removal of extracellular Ca 2ϩ during OGD would ameliorate axon injury in older WM. However, this manipulation actually aggravated the injury (Fig. 4) . This paradoxical observation was further confirmed in experiments averting Ca 2ϩ influx by blockade of NMDA receptors ( Fig.  7) (another route of Ca 2ϩ entry), and by blockade of NCX reversal (Fig. 5) . Although it is generally believed that excessive Ca 2ϩ entry and the resultant cytosolic Ca 2ϩ overload plays a central role in hypoxic injury, several in vitro studies on neurons have challenged this dogma (Goldberg and Choi, 1993) . Our findings in aging MON diverge from previous findings in various WM preparations, including young MONs (Tekkök et al., 2007) . It is possible that Ca 2ϩ release from intracellular Ca 2ϩ stores (ICS) during ischemia (Ouardouz et al., 2003) may become more critical in aging MONs. However, the exact relationship between transmembrane Ca 2ϩ influx and cytosolic free Ca 2ϩ concentration, and the role of ICS in aging WM have yet to be established.
In addition, the experiments interfering with Ca 2ϩ entry unveiled a paradoxical loss of CAP during the reperfusion period. In Ca 2ϩ -free experiments, Ca 2ϩ was replaced by equimolar concentrations of Mg 2ϩ to rule out "Ca 2ϩ paradox" (Chinopoulos et al., 2004) . Moreover, in control experiments, exposing MONs to Ca 2ϩ -free ACSF for similar durations without OGD did not affect axon excitability in WM. Experiments in which Ca 2ϩ entry via NMDA receptors, or the reverse operation of NCX, were blocked in the presence of normal extracellular Ca 2ϩ levels also resulted in slow persistent loss of axon function during reperfusion (Figs. 5, 7) . The importance of intracellular Ca 2ϩ ([Ca 2ϩ ] i ) for cell survival is well documented. Levels that are too high can lead to necrosis, and levels that are too low can sometimes induce apoptosis. One possibility is that older animals have an altered balance such that reductions in [Ca 2ϩ ] i more readily induce delayed apoptotic injury. This idea would be the most economical but by no means the only explanation of our observations.
